Recent studies of viral deoxyribonucleoprotein complexes isolated from infected cells (viral DNA-protein complexes) have focused attention on these structures as a means of understanding the structural and functional organization of the viral genome within the living host cell (3, 4, 9, 10, 19) . In several of the cases studied, bacteria infected with T4 (19) and lambda phages (10) , or animal cells infected with vaccinia virus (3, 4) , the viral DNA-protein complexes which have been isolated can support ribonucleic acid (RNA) synthesis in vitro by virtue of an endogenous RNA polymerase activity. This is also true in the case of a DNA-protein complex isolated from bacteria, consisting principally of the bacterial genome in a compact state with associated RNA polymerase and nascent RNA chains (14, 21 plex from the bulk of the cellular chromatin. The adenovirus DNA-protein complex was isolated by a modification of the basic procedure used by Melvin Green et al. (9) for the isolation of a DNA-protein complex from polyoma virusinfected cells. The adenovirus complex is free from host DNA and is capable of synthesizing small quantities of adenovirus RNA in vitro.
The second part of this communication de- scribes the synthesis of adenovirus RNA by nuclei isolated from infected cells. The properties of the in vitro reaction are discussed with regard to the question of which RNA polymerase is used to transcribe the adenovirus DNA in nuclei isolated from infected cells. Although it is likely that the small nuclear viruses, polyoma and simian virus 40, must rely on the host cell RNA polymerase, the larger DNA nuclear viruses such as adenoviruses and herpes viruses may contain enough genetic information to code for their own RNA polymerases. In this study we present evidence in favor of the utilization of the host cell RNA polymerase II, thought to be located in the nucleoplasm (16) and incubation was for 30 min at 37 C. If higher concentrations of nuclei were used, clumping and precipitation of the nuclei became a serious problem during the incubation. The reaction was stopped by the addition of 2 ml of 5% trichloroacetic acid. Tihe acid-insoluble material was collected on Whatman fiberglass filters, washed with 20 ml of cold 5% trichloroacetic acid, dried, and counted by liquid scintillatioin spectroscopy.
Purification of nucleic acids and hybridization experiments. RNA was purified from the in vitro reaction mixtures as previously described (4). DNA was purified by the method described by Doerfler (5). DNA-RNA hybridizations were carried out by the method of Bolle et al. (2) . The reactions were incubated for 8 hr at 60 C using 10 lg of heat-denatured DNA in each assay for virus-specific RNA.
Sucrose density gradient fractionation of RNA. RNA synthesized in vitro by isolated nuclei was analyzed by centrifugation through a 15 to 30'%, (w/v) sucrose density gradient in 0.01 M Tris-hydrochloride (pH 7.4) containing 0.01 M EDTA, 0.1 NI NaCl, and 0.2% sodium dodecyl sulfate (SDS) (NETS buffer). The gradient was centrifuged for 15.5 hr at 16,000 rev/min and 25 C in a SW27 rotor of a Beckman ultracentrifuge. Before being run, the RNA sample was dissolved in 90% dimethylsulfoxide and quicklyi diluted with three volumes of the gradient buffer. The latter step was introduced to minimize the chances of aggregation in the RNA sample.
RESULTS
Separation of adenovirus DNA-protein complex from cellular DNA. Two methods were used initially for the isolation of the adenovirus DNAprotein complexes. Method I (see Materials and Methods) utilized nuclei prepared in hypotonic buffer, and these nuclei were lysed by resuspension in a buffer which contained 0.25% Triton X-100, 0.2 M NaCl, 0.01 M EDTA, and 0.05 N1 Tris-hydrochloride buffer, pH 8.0. The latter lysing procedure was suggested to us bv Melvin Green of the University of California (La Jolla).
To distinguish between host cell DNA and viral DNA, cells were labeled for 4 to 5 hr prior to infection with 14C-thymidine. Prior to infection the cells were washed with fresh medium to remove the '4C-thymidine, and at 15 hr postinfection with adenovirus the cells were labeled with 3H-thymidine for 2 hr in the presence of 10-M fluorodeoxyuridine which enhanced incorporation of radioactive thymidine into viral DNA. The time of labeling of viral DNA with 3H-thymidine was chosen on the basis of prior results which showed that host DNA synthesis is almost completely inhibited at 15 hr postinfection, while virus DNA synthesis occurs at an appreciable rate (7) . The doubly labeled nuclear lysate was layered over a 25 to 40% (w/v) sucrose density gradient which was centrifuged for 80 min at 10 C at 25,000 rev/min in the SW27 rotor of the Spinco ultracentrifuge. Figure 1 illustrates the results obtained in the latter experiment, showing a complete separation of the viral DNA complex from the cellular DNA. The viral DNA counts are found in a rather homogeneous peak in the upper half of the gradient, whereas all of the host DNA is present in the pellet.
A second method (Method II, see Materials and Methods) for preparation of nuclei and adenovirus DNA-protein complexes was developed and used for all subsequent experiments presented in this paper. Method II was preferred because nuclei prepared by this procedure were more active in RNA synthesis in vitro and because isolation of the adenovirus DNA complex was somewhat more convenient. After preparation by Method II, the viral DNA-protein complex was further purified by sedimentation in a 10 to 30% (w/v) sucrose density gradient. The complex sedimented as a fairly homogeneous component with a mean sedimentation coefficient of approximately 74S (Fig. 2) . This sedimentation value is considerably higher than mature adenovirus DNA (32S). Whole adenovirus virions sediment to the bottom of the gradients employed to band the complex.
Effects of treatment of the DNA complex with Pronase and SDS. When the adenovirus DNAprotein complex was treated for 30 min with 1 mg of heat-treated Pronase per ml and then with 0.2% SDS at 37 C for an additional 30 min, the DNA sedimented in a sucrose gradient with a sedimentation of about 42 to 45S which is appreciably faster than mature viral DNA (Fig. 3) .
Synthesis of RNA in vitro by isolated complex. The ability of the viral DNA complex to synthesize RNA was tested by assaying each fraction of a sucrose gradient in which the complex had sedimented as a band for ability to synthesize RNA from added nucleoside triphosphates. in the gradient. It should be pointed out that at the peak fraction 6. nucleoside triphosphates. The requirement for exogenous ATP is only partial, indicating that the isolated nuclei may possess a pool of this substrate. The product synthesized appears to be RNA since it is completely sensitive to digestion by pancreatic ribonuclease.
The nuclei isolated from infected cells can utilize either MnCl2 or MgCl2. The optimal MnCl2 concentration is 5 mm, and the optimal MgCl2 concentration is 7.5 mm. The activity with MnCl2 is generally somewhat higher than with MgCl2, but the difference in activity is less than twofold. The reaction in the presence of MnCl2 with both infected and uninfected nuclei is enhanced by the presence of rather high concentrations of (NH4)2SO4 (Fig. 5) . The enhancement of activity is more pronounced for adeno-infected nuclei than for uninfected nuclei. Figure 6 demonstrates the time course of RNA synthesis by isolated nuclei from infected and uninfected cells. Although the initial rate of synthesis appears roughly comparable in both types of nuclei, the nuclei from infected cells continue to synthesize RNA for longer periods of time. The latter observation may account for the fact that nuclei from adeno-infected cells prepared at different times after infection show considerably more activity in vitro in a 30-min assay than uninfected nuclei. Figure 7 demonstrates the ability of nuclei isolated from infected cells to synthesize RNA in vitro as a function of time after infection. The data are presented relative to the amount of RNA synthesized by nuclei isolated from uninfected cells. A maximum in the ability to synthesize RNA in vitro is reached with nuclei isolated at about 15 hr postinfection. At this time, nuclei isolated from infected cells are about 4.5 times more active than uninfected cell nuclei.
The fact that the RNA synthesized in vitro by nuclei from adeno-infected cells represents a high proportion of RNA coded from the viral genome may be deduced from the hybridization experiment shown in Table 2 Assay conditions were the same as described in legend of Fig. 5 and incubation was for 30 min at 37 C. Activity ofthe infected nuclei is expressed as a factor ofthe activity present in uninfected nuclei. The size distribution of the RNA synthesized by nuclei isolated from adeno-infected cells at 15 hr postinfection is shown in Fig. 8 . It is clear that some species of RNA with sedimentation coefficients greater than 28S are synthesized. In another experiment, RNA taken from a similar gradient representing fractions greater than 45S in size was found to hybridize with adenovirus DNA to an extent comparable to total RNA, before sucrose fractionation (unpublished data). This indicates that adenospecific RNA sequences synthesized in vitro occur in very large molecules resembling nucleoplasmic heterogeneous nuclear RNA (Hn RNA) from uninfected cells.
Effect of a-amanitine on RNA synthesis by isolated nuclei. The drug a-amanitine (6, 20, 24) has been demonstrated to be a powerful inhibitor of the polymerase II present in the nucleoplasm of mammalian cells (12) . Addition of the drug to isolated nuclei has been shown to inhibit the synthesis of Hn RNA in the case of uninfected HeLa cells, but not to inhibit the synthesis of ribosomal RNA precursors (25) , which are synthesized in the nucleolus, presumably by RNA polymerase I. In addition to RNA polymerase II there is another enzyme, RNA polymerase III, which is thought to be present in the nucleoplasm and which may also synthesize large Hn RNA (15, 16, 25) . RNA polymerase III is not inhibited by a-amanitine (12) . In view of the high specificity of a-amanitine inhibition of polymerase II, we decided to utilize this drug to determine whether RNA 9, 1972 in vitro, the rates observed possessed a maximum at 15 hr postinfection. This maximal rate of synthesis was 4.5 times higher than for uninfected cell nuclei during the 30-min in vitro incubation period. RNA synthesis in vivo in adenovirusinfected cells also shows a maximum in the middle of the virus growth cycle (7). This maximum observed both in vivo and in vitro may result from the availability of viral progeny DNA template which might be the limiting factor in RNA synthesis. The decline in RNA synthesis observed at later times after infection might be due to packaging of the DNA into virions, or cytopathic effects leading to degeneration of the nuclear transcription system. A substantial fraction of the virus-specific RNA molecules labeled in vitro are extremely large, resembling viral RNA synthesized in vivo in the nucleoplasm (13) . Adenovirus RNA isolated from polyribosomes, on the other hand, is much smaller (13) . It is likely that the large nuclear adenovirus RNA represents transcripts of large segments of the viral genome and is therefore likely to consist of highly polycistronic RNA. In the present study, the question of breakdown of the RNA labeled in vitro and its release from the nuclei was not studied in any detail. It was noted, however, that little, if any, breakdown of the large species of RNA occurred upon incubation at 37 C for 30 min after the reaction of RNA synthesis had gone to completion (unpublished data). The termination of RNA synthesis in isolated nuclei after about 30 min could not be reversed by the addition of fresh substrates. It might be of interest to investigate the addition of cytoplasmic or nuclear factors for their ability to restore RNA synthesis in the spent nuclei.
The fact that the isolated nuclei from infected cells were most active in the presence of Mn2+ and high salt [0.3 M (NH4) 2SO4] indicated that an RNA polymerase activity similar to that observed in the nucleoplasm and different from that observed in the nucleolus (23, 25) was used in the transcription of adenovirus DNA. Roeder and Rutter (15, 17) have characterized three RNA polymerase species in the nuclei of mammalian cells. Polymerase I is present in the nucleolus. Polymerase II and III are found in the nucleoplasm. Polymerase II, the major nucleoplasmic species, is completely inhibited by low concentrations of the drug a-amanitine (12), whereas polymerase I and III are not sensitive to the drug. It appears likely from recent studies that polymerase II is involved in the synthesis of Hn RNA in mammalian nuclei (25) and RNA polymerase III is also involved in the synthesis of a minor fraction of the Hn RNA. Our results that adenospecific RNA synthesis is strongly inhibited in isolated nuclei by ae-aminitine suggest that at least the a-amanitine-sensitive moiety of polymerase II might be used to transcribe the adenovirus DNA in this system. This in turn suggests that polymerase II is used to transcribe adenovirus genes in vivo. Alternative explanations for the aamanitine sensitivity of adenovirus RNA synthesis in vitro might be that adenovirus codes for a new RNA polymerase which also happens to be sensitive to the drug, or that the in vitro system is not transcribed by the same polymerase as used in vivo. However, it seems plausible that a major part of the in vitro synthesis is due to completion of RNA chains initiated in vivo. Thus it is reasoned that an a-amanitine-sensitive polymerase is actually used in vivo to transcribe the viral genome. If the virus does, in fact, use the host cell nucleoplasmic RNA polymerases, it is possible that the virus codes for factors which alter the specificity of the host enzyme(s) so as to transcribe preferentially the viral DNA or selected portions thereof.
